The tremendous effort in asymmetric synthesis and the rapidly increasing use of enantiomerically pure compounds as chiral building blocks, auxiliaries or chiral ligands require the development of fast and accurate methodologies for the determination of the enantiomeric composition 1 . The enantiomeric ratio of various classes of compounds can be determined by a number of analytical techniques, although chromatographic and NMR methods are routinely most frequently used 2, 3 . Despite the rapid progress that has been made in the development of resolution on GC and HPLC 4 , NMR is an attractive technique as it is usually fast and relatively simple to perform 5 . Moreover, NMR offers the possibility to measure various nuclei. The enantiomeric excess (e.e) determination by means of NMR can be performed using chiral lanthanide shift reagents 6 , chiral complexing agents 7 and through the use of chiral non-racemic derivatizing agents 8 . Furthermore, efficient methods using achiral derivatizing agents, based upon Horeau's principle 9 , were developed in our laboratory for the determination of the enantiomeric excess of amines, alcohols and thiols 10 .
More recently, 31 P NMR methods have become very popular due to the attractive features of this nucleus in the analysis of chiral compounds. Several derivatizing agents have been developed in our group, among which are trivalent and pentavalent achiral phosphorus reagents 10 like PCl 3 or MePOCl 2
and chiral phosphoric acid chlorides 11 or phosphorinane reagents 12 . Trivalent phosphorus reagents based on 1,2-N,N'-(dimethylamino)-cyclohexane probably give the most pronounced diastereomeric shift dispersion in the decoupled 31 P NMR spectra of their derivatives with chiral substrates, as was
shown by Alexakis and co-workers 13 . The lack of availability of the chiral cyclohexyl-based diamines and the sensitivity of the derivatizing reagents towards hydrolysis and oxidation in practice, urged us to 699 700 R. HULST et al.
develop alternative chiral phospholidine based derivatizing agents.
We now wish to report a simple and efficient 31 P NMR method for the e.e. determination of chiral alcohols, amines, amino acid esters, thiols and α-thiol acids and α-thiol acid esters, based on new chiral derivatizing agents 1 and 2 (Scheme 1). 
Scheme 1
The C2-symmetrical chiral reagents 1 and 2 are readily obtained from enantiomerically pure (S)-α-phenylethylamine via reaction with 1,2-dichloroethane or 1,3-dichloropropane 14 in 62 and 84 % yields, respectively. Subsequent diamine exchange with hexamethylphosphorus triamide (HMPT) in benzene or chloroform affords nearly quantitatively reagents 1 and 2 as air stable, colourless oils, that are purified by means of column chromatography. Moreover, the reagents 1 and 2 appear to be quite resistant towards moisture and can be stored as such or as a stock solution for at least 6 months.
The diastereomeric derivatives 3 and 4 are quantitatively prepared by amine exchange of the dimethylamine moiety in 1 or 2, by reaction with alcohols, amines or thiols in benzene-d 6 or CDCl 3 at room temperature in an NMR tube (Scheme 1). The decoupled 31 P NMR spectra of these derivatives are obtained directly without the need of further purification. The derivatives of type 3 or 4 afford excellent diastereomeric peak separation in the decoupled 31 P NMR spectra, allowing accurate integration and quantitative determination of the diastereomeric ratios. 1 H NMR analysis might also be used although the spectra are much more complex due to P-H and H-H coupling. Analysis by 31 P NMR has the great α-Phenylethylamine based chiral phospholidines 701 advantage that no signals other than two singlets due to the diastereomeric derivatives 3 and 4 are observed in the spectra. In scheme 2 several of the chiral alcohols, amines and thiols that were analyzed using the new derivatizing agents 1 and 2 are shown. The results of the NMR measurements with the diastereomeric derivatives 3 and 4 are given in tables 1 and 2, respectively.
Scheme 2
Representative alcohols, amines and thiol acid derivatives used for e.e. determination. The indices are also used in tables 1 and 2.
As can be seen, sufficient diastereomeric shift dispersion is obtained in all the described cases, although large differences were found for the different chiral substrates. In fig. 1 the decoupled 31 P NMR spectra are shown of reagent 2 coupled to racemic and enantiomerically pure (-)-cis-exo-3-(1-azetidinyl)isoborneol.
It is possible to couple several unprotected amino acids under phase transfer conditions (solid phasebenzene-d 6 ), although only 20 % conversion was reached. Therefore, the new derivatizing agents 1 and 2 appear not to be particularly suitable for the enantiomeric excess determination of unprotected amino acids, although no kinetic resolution was observed and accurate e.e.'s were determined after partial conversion of a number of amino acids. 11 methods, demonstrated that no racemization occurred during the formation of adducts 3 and 4 and that the enantiomeric ratios were in excellent agreement.
Monitored reactions in benzene-d 6 showed that no kinetic resolution took place during the derivatization reactions. Furthermore, from the NMR studies it could be concluded that no side products are formed, except for the entries g in tables 1 and 2. Using propargylic alcohol g, a rapid [2,3]-sigmatropic rearrangement was observed, in accordance with the observations by Alexakis and co-workers 13 . This reaction does, however, not affect the actual e.e. determination performed with the alcohol derivative. In order to compare chiral diamine based derivatizing agents 1 and 2 with chiral diol based reagents we also synthesized phosphorus derivatives 5 and 6 (Scheme 3), based upon optically active bis-ß-naphthol and phencydiol 16 , respectively.
Although these new chiral phosphorus compounds appear to be interesting chiral ligands 17 , they are not very reactive towards nucleophilic attack by alcohols or amines. Reagent 5 did not react at all in benzene-d 6 (not even at elevated temperatures) with amines or alcohols or water as solvent !.
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Scheme 3
The method for e.e. determination presented here compares favourably with other known methods, for instance broad scope and large diastereomeric shift dispersion of the derivatives are observed compared to pentavalent based phosphorus derivatizing methods. Besides these advantages, it should be emphasized that compared to previously reported trivalent phosphorus derivatizing agents, reagents 1 and 2 appear to be very resistant towards hydrolysis and oxidation. Moreover, these reagents are easily accessible and based upon inexpensive (R)-or (S)-α-phenylethylamine and are complementary to cyclohexane-diamine based phosphorus reagents.
Figure 1
31 P NMR spectra of derivatives of 3 of enantiomerically pure (a) and racemic
In conclusion, the new chiral derivatizing agents 1 and 2 give excellent results in e.e. determinations by 31 P NMR, allowing broad structural variation in substrates, including certain unprotected amino acids. 
N,N'-bis(1-(S)-Phenylethyl)-1,2-ethylenediamine (7)
was prepared analogous to the method described by Horner and Dickerhof 14 .
(S)-α-Phenylethylamine (72.0 g, 059 mole) was heated to 100 °C and 1,2-dichloroethane (22.5 g, 0.23 mole) was added to the stirred solution over 2h. Stirring of the mixture was continued for another 16 h at 100 °C. The mixture was cooled to 60 °C and 150 mL of a saturated KOH solution was added with constant stirring. After cooling to room temperature the mixture was extracted with CH 2 Cl 2 (3 x 150 mL). The combined organic layers were washed with brine and dried on Na 2 SO 4 . After evaporation of the solvent unreacted (S)-α-phenylethylamine was removed by vacuum distillation. 
N,N'-bis(1-(S)-Phenylethyl)-1,2-ethylenediamino-N,N'-diaza-N'',N''-dimethylphospholidine (1)
A mixture of bisamine 9 (2.50 g, 9.33 mmole), hexamethylphosphorus triamide (3.05 g, 18.7 mmole) and a catalytic amount of dry NH 4 Cl was gently refluxed in 50 mL of dry benzene for 96 h. During the reaction a stream of N 2 was passed through the flask in order to remove the formed dimethyl amine. Benzene and excess P(NMe 2 ) 3 were removed under vacuum (0.01 mm) at 50 °C. 
